Condensation of 2,4-diisopropylcarbonobis(hydrazide) bis-hydrochloride with a series of aldoses gives rise to tetrazanes that can be oxidized with potassium ferricyanide to give stable verdazyl radicals in good yield. The radicals are stable under ambient conditions, and are soluble in water and polar organic solvents. Aqueous solutions are stable over a range of both acidic and basic pH and do not react significantly with ascorbic acid or hydrogen peroxide. The radicals quench fluorescence from long lived fluorophores such as pyrene, or when there is an association between the radicals and the fluorophore.
Introduction
Stable free radicals are important tools for probing structure and function of biological systems. In addition to the identification of radicals in a diamagnetic background by EPR, radicals can be spatially located through ESR imaging, [1] [2] and can be indirectly detected through their ability as efficient fluorescence quenchers. [3] [4] [5] [6] [7] [8] [9] [10] [11] and through NMR spin relaxation techniques [12] [13] [14] [15] [16] In particular, the return of fluorescence combined with loss of an ESR signal when a free radical is destroyed is a powerful method for the detection of various species; recent examples include urushiols, 17 ascorbic acid [18] [19] [20] and nicotine. 21 Attachment of radicals to a dendrimer core has been recently used to provide a novel, gadolinium free MRI contrast agent. 22 As the most widely known series of stable organic radicals, nitroxides have played a dominant role in these studies; however, they are not without problems. A particular challenge is stability. Nitroxides are reduced to hydroxylamines in-vivo with a half life of a few minutes. [23] [24] Bulky substituents can reduce the rate of reduction, but limit the interaction with the system of interest. Consequently development of other stable radicals with different structure and reactivity may broaden the range of application of these methods. Verdazyls (Figure 1 ) are a series of paramagnetic, heterocyclic free radicals that are stable under ambient conditions and may provide an alternate series of radical probes with complementary properties to existing systems. 6-Oxoverdazyls (X=O) are generally more resistant to reduction than nitroxides, and variable substituents in the 1, 3 and 5 positions may be used to control interactions with other molecules. Of such interactions water solubility is desirable for biological applications, but most stable organic radicals are 3 relatively non-polar as a result of the alkyl or aryl substituents required for stability. For verdazyls, several approaches have been used to improve water solubility. Early on in the study of verdazyls, Kuhn and Fischer-Schwarz reported water soluble verdazyls derived from sugar formazans. 25 The water solubility was limited to about 10 -5 mol.L -1 and the radical underwent disproportionation below pH 7.
Two groups reported water solubility derived from anionic substituents: Bezvershenko and Premyslov synthesized a sulfonated verdazyl radical with solubility in water of about 0.1 mol.L -1 . 26 More recently, Hicks and coworkers synthesized a verdazyl carboxylic acid, 27 though this was only soluble in aqueous base. With our development of the more robust diisopropyl-6-oxoverdazyls, 28 we considered that Kuhn's approach of synthesizing verdazyls from aldoses was worth revisiting. We have reported initial studies in this area at recent conferences; [29] [30] we now report full details of the synthesis of a series of verdazyl radicals synthesized from aldoses, along with initial studies of their reactivity and properties as fluorescence quenchers.
Results
Combination of a series of aldoses (Table 1) with 2,4-diisopropyl carbono-bis-hydrazide (1) and sodium acetate in water gave tetrazanes 2a-i. Tetrazanes derived from the disaccharides maltose and lactose had complex 1 H NMR that may be indicative of more than one species in solution (as indicated by the number of peaks corresponding to isopropyl methyl groups); nevertheless, mass spectra were consistent with the tetrazane structure. Initial attempts at oxidation of the tetrazanes with benzoquinone 28, 31 or sodium periodate 32 failed; the former because of the limited solubility of the tetrazanes in non-aqueous systems, the latter because periodate oxidation also resulted in cleavage of the carbohydrate side chain. Oxidation with potassium ferricyanide, 33 however, gave the verdazyls 3a-i as bright yellow solids, purified by extraction with butanol. (Scheme 1). While the disaccharide tetrazanes 2h-i clearly gave verdazyl radicals 3h-i (as indicated by ESR, UV-vis and HRMS), HPLC indicated other components to the samples that could not be easily separated. 
To provide unambiguous confirmation of the verdazyl structure, radical 3a was characterized by Xray crystallography. Crystals were grown by slow evaporation of a methanol solution. The polyol groups form a two dimensional hydrogen bonded network that separates layers containing verdazyl rings. Unlike other examples, the verdazyl ring does not participate in hydrogen bonding. The geometry of the verdazyls themselves is very similar to that observed for other 1,5-diisopropyl verdazyls.
Figure 2
Thermal Ellipsoid plot of the two independent molecules of 3a in the unit cell. Ellipsoids are drawn at the 50% probability level.
All of the radicals gave ESR spectra characteristic of 1,5-diisopropyloxoverdazyls.
28, 34 Figure 3 shows the spectrum and simulation for 3d. Spectra and simulations for the remaining verdazyls are provided in supporting information while spectral parameters are reported in table 2. There is very little variation in most of hyperfine parameters (+/-0.1G) between radicals; this is typical for such systems since the spin density is largely localized on the verdazyl nitrogens. The biggest variations are seen in coupling to the side chain hydrogen. These variations are probably due to small differences in preferred conformation. Table 4 . The remaining simulations and spectra are reported in supporting information. Electronic spectra were similar to the spectra we reported for 3-methyl-1,5,-diisopropyl-6-oxoverdazyl 34 though there are differences in intensity and width of the contributing bands as a result of the change of solvent from hexane to methanol ( Figure 4 ). Solubility of the other verdazyls was comparably large. Electronic spectra were unaffected by variation in pH from 4-10 though slow decomposition occurred at pH 0 (the UV-vis spectrum lost two thirds of its intensity over a 8 24h period). Electronic spectra were also unaffected by addition of hydrogen peroxide or ascorbic acid at neutral pH.
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To gain an initial idea of the potential of these molecules as probes we examined their ability to 
Discussion
Most stable organic free radicals are essentially lipophilic species. Nitroxides, nitronyl nitroxides, verdazyls and others typically sport alkyl or aryl substituents that contribute to stability through delocalization or steric hindrance. Prior strategies for generating water soluble stable radicals have involved substitution with easily ionized species such as sulfonic acids or carboxylic acids. While this can give the required solubility it also introduces ionic groups that may not be desirable in some applications. For example carboxylates may result in pH sensitive solubility and metal ion coordination 27 and even more inert charged functional groups (such as sulfonates) may favor interactions with oppositely charged ions. Kuhn's early approach using aldoses is a promising alternative, but his verdazyls derived from formazans were less than ideal. The products are rather poorly characterized, and appear to be a mixture of verdazyl and leucoverdazyl. Furthermore, they underwent disproportionation to a leucoverdazyl and verdazylium ion below pH 7.
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The 6-oxoverdazyls, with more widely separated oxidation and reduction potentials, are less prone to disproportionation. 35 Isopropyl groups in the 1 and 5 positions result in more tractable tetrazane intermediates as well as more stable free radicals. 28 As a result, the combination of 2,4-diisopropylcarbonobishydrazide and aldoses gives water soluble free radicals, in good to excellent yields under very mild reaction conditions. Most previous reports of spin labelled carbohydrates require extensive use of protecting groups to incorporate the radical.
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Use of monosaccharides disrupts the cyclic structure of the sugar, and thus we attempted the use of reducing disaccharides such as lactose or maltose to give spin labelled carbohydrates with an intact pyranose ring; unfortunately, purification of the disaccharide derived radicals proved challenging -purification and characterization of these species will be an ongoing project.
The potential range of application of these radicals is enhanced by the radical stability. Solid samples are stable for months in air at room temperature, and in aqueous solution are stable to mild reductants such as ascorbic acid, and oxidants such as hydrogen peroxide. This contrasts with nitroxides that are reduced relatively rapidly by ascorbic acid and have half lives of a few minutes in vivo.
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Furthermore we have detected no immediate sign of decomposition within a pH range of 4-10; at pH ~0, slow decomposition was observed. By comparison, nitronyl nitroxides show immediate spectral changes at very low pH, though the resulting protonated cation seems to decompose at a similar rate to the verdazyls under the same conditions. [37] [38] Fluorescence quenching by stable free radicals (typically nitroxides) is a well established The lack of hydrogen bonding with the chloroform solvent favors hydrogen bonding interactions between fluorophore and quencher and facilitates quenching. Proposed quenching mechanisms for free radicals are varied but in many cases the most prevalent mechanism seems to be enhanced intersystem crossing. 42 Further study will be required before any conclusion can be made regarding quenching by verdazyls; in any case the differences in stability between verdazyls and other stable radicals may well be of utility in designing new, selective profluorescent radicals.
Conclusion
We have synthesized a series of water soluble radicals derived from sugars. These radicals are stable in aqueous solutions over a wide range of pH and can quench the fluorescence of organic dyes, though the full scope of quenching is still under investigation. They complement the array of existing radical spin probes and radical fluorescence quenchers and thus expand the applicability of these tools to new areas. Furthermore, the ability to introduce a stable free radical under very mild aqueous conditions, suggests the possibility of direct introduction of verdazyl spin labels to more complex biomolecules. We hope to report on such studies in the near future. 
Experimental

General
General Procedure for Tetrazanes
2,4-diisopropylcarbonohydrazide bis-hydrochloride (2 mmol) and the aldose (2 mmol) were dissolved in a minimum amount of water. To this solution was added 4 mmol of sodium acetate dissolved in water. The solution was stirred at room temperature for 4 to 6 h. After this period, the mixture was extracted four times with an equal volume of 1-butanol. The combined butanol layers were dried with sodium sulfate, filtered and evaporated to give the crude yellow aldose-tetrazane. The crude compound was washed with hot hexane or heptane to leave an off-white aldose-tetrazane.
General Procedure for Verdazyls
An aldose-tetrazane (2) (0.5 mmol) was dissolved in minimum amount of water. Potassium ferricyanide (1.5 mmol) was combined with 10 drops of 2M Na 2 CO 3 (aq) and dissolved in 2 mL of water. The two solutions were combined and stirred slowly whereupon the mixture gave a vigorous effervescence and turned yellow. After effervescence stopped, the solution was extracted four times with with 1-butanol, the organic layer dried with sodium sulfate, filtered, and evaporated to give the aldose-verdazyl. Purity of the verdazyls was assessed with HPLC on a 15 cm C18 reverse phase column eluting isocratically with 20% methanol in water.
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Quenching experiments
Aliquots of a solution of radical 3d were added to solutions of fluorescent dyes and the fluorescence intensity recorded at room temperature as a function of quencher concentration. Dye solutions were sufficiently dilute that the absorbance maximum was less than 0.1 to minimize inner filter effects. UVvis spectra of the solutions were recorded again at the end of the experiment to confirm that any loss of fluorescence was not due to inner filter effects from the quencher.
1'S, 2'S, 3'R-2,4-Diisopropyl-6-(1',2',3',4'-tetrahydroxybutyl)-1,2,4,5-tetrazane-3-one(2a)
Following the general procedure above, D-Lyxose (0.302 g, 2.01 mmol) gave 0. 11 1'R, 2'S, 3'S, 4'R-2,4-Diisopropyl-6-(1',2',3',4',5'-pentahydroxypentyl)-1,2,4 
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C NMR for tetrazanes 2a-i. ESR spectra and spectral simulations for verdazyls 3a-i.
